Abstract
Introduction
The interaction of (S,S)-and (R,R)-N,6-dimethyltricyclo[5.2.1.0 2, 6 ] decan-2-amine enantiomers with human (h) α4β2 nicotinic acetylcholine receptors in different conformational states is determined by pharmacological and structural studies. The aim of this study was to show how N,6-dimethyltricyclo[5.2.1.0 2, 6 ] decan-2-amine enantiomers interact with the human α4b2 nicotinic acetylcholine receptor at luminal and non-luminal domains.
Materials and methods
The pharmacological properties of N,6-dimethyltricyclo[5.2.1.0 2, 6 ] decan-2-amine enantiomers were characterised at hα4b2 AChR by radioligand binding assays, employing the noncompetitive antagonist [ 2, 6 ]decan-2-amine enantiomers, as well as molecular docking and dynamic studies.
Results
The radioligand competition results established that both enantiomers bindwithverylowaffinitytothe[
H] imipramine-binding sites at hα4β2
AChRs in the resting and desensitised states (apparent K i~0 .1-0.5 mM). The fact that the n H values are lower than unity (~0.5) suggests a negative cooperative interaction between imipramine and each enantiomer, and consequently that this interaction is more likely allosteric in nature or a combination of allosteric/steric interactions. The molecular docking results using the hα4b2 AChR model indicate that the (S,S)-enantiomer, in the protonated and neutral states, interact with luminal and non-luminal binding domains, whereas the (R,R)-enantiomer interacts only with the intersubunit (non-luminal) locus. Interestingly, these sites are different to that for imipramine, supporting our [ 3 H]imipramine-binding results.
Discussion
Our results suggest that these novel compounds do not overlap the imipramine-binding sites, but bind to a mixed luminal/non-luminal domain and to an intersubunit site formed between the α4 and b2 transmembrane segments.
Conclusion
We hypothesise that this intersubunit interaction may impede the M2 helix rotation necessary for gating, stabilising a nonconducting conformational state. In this regard, the previously observed antidepressant activity elicited by N,6-dimethyltricyclo[5.2.1.0
Introduction
One of the accepted hypotheses for depression is the cholinergic-adrenergic hypothesis, stating that the hyperactivity or hypersensitivity of the cholinergic system compared to the adrenergic system can be associated with depressed mood states (reviewed in [1] ). Thus, the therapeutic activity of many current antidepressants may be partially mediated through inhibition of excessive activation of neuronal AChRs 1 . An important statistical result that supports this hypothesis is that there is a higher rate of smokers in depressed patients than in the general population 2 . The evidence indicating that nicotine increases the antidepressant effectiveness of imipramine, a known tricyclic antidepressant (TCA), and citalopram, a known serotonin selective reuptake inhibitor (SSRI), also support the same concept [3] [4] [5] . Finally, several studies have shown that structurally different antidepressants behave as non-competitive antagonists (NCAs) of various neuronal AChRs 1, 6, 7 . Among them, we can name TCAs [8] [9] [10] [11] , bupropion [12] [13] [14] [15] , SSRIs [16] [17] [18] [19] and norepinephrine selective reuptake inhibitors 20, 21 . Recent studies demonstrated that the N,6-dimethyltricyclo[5.2.1.0 2, 6 ] decan-2-amine enantiomers produce antidepressant activity in mice in a gender-dependent manner 22 . Unpublished results indicate that these novel compoundsinhibitα4β2AChRs.However, we do not have a clear picture of how these compounds interact with theα4β2AChRandwhatarethestruc-tural components of its binding site(s). In this regard, structural and functional approaches were applied to characterise the interaction of N,6-dimethyltricyclo[5.2.1.0 2, 6 ]decan-2-amine enantiomers ( Figure 1 ) with human (h)α4β2AChRsindifferentconforma-tionalstates.More specifically, radiolig antagonists that maintain the AChRs in the resting (closed) state 23 . The nonspecificbindingwasdetermined in the presence of 100 µM imipramine ([ The total volume was divided into aliquots, and increasing concentrations of each enantiomer were added to each tube and incubated for 90 min at RT. AChR-bound radioligand was then separated from free ligand by a filtration assay using a 48-sample harvester system with GF/B Whatman filters (Brandel Inc., Gaithersburg, MD, USA), previously soaked with 0.5% polyethylenimine for 30 min. The membrane-containing filters were transferred to scintillation vials with 3 ml of Bio-Safe II (Research Product International Corp, Mount Prospect, IL, USA), and the radioactivity was determined using a Beckman LS6500 scintillation counter (Beckman Coulter, Inc., Fullerton, CA, USA).
The concentration-response data were curve fitted by nonlinear least squares analysis using the Prism software (GraphPad Software, San Diego, CA). The calculated IC 50 and Hill coefficient (n H ) values were calculated using the following equation. The observed IC 50 values from the competition experiments described above were transformed into inhibition constant (K i ) values using the Cheng-Prusoff relationship 24 : 
Molecular modelling
Sequence alignment of the Torpedo AChR subunits and the human α4 and b2subunitswerefirstperformed using the ClustalW2 server 25 . The residue numbering of this alignment Radioligand competition binding experiments using hα4β2 AChRs in different conformational states HEK293-hα4β cells were first cultured in suspension using non-treated Petri dishes, and cell membranes were prepared thereafter as previously described 10, 11, 16 . We firstcomparedtheeffectof(S,S)-and (R,R)-N,6-dimethyltricyclo[5.2.1.0 2, 6 ] decan-2-amine on [ 3 H]imipramine binding to hα4β2 AChRs in different conformational states, using the method previously developed in our laboratory 10, 11, 16 . In addition, [ ]decan-2-amine vs (R,R)-enantiomer competition experiments wereperformedusinghα4β2AChRs in different conformational states. In this regard, AChR membranes (1.5 mg/ml) were suspended in binding saline buffer (50 mM Tris-HCl, 120 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , pH 7.4) with 21 nM [
Materials and methods
The protocol of this study has been approved by the relevant ethical committee related to our institution in which it was performed. ]decan-2-amine (right) in the protonated states. The nitrogen atom is rendered in blue, hydrogen in grey and carbon in green. The ligands are shown using the stick mode with aliphatic hydrogen atoms not shown explicitly.
Materials

Results
Radioligand competition binding experiments using hα4β2 AChRs in different conformational states
The binding affinity of each (S,S)-and (R,R)-enantiomer for the hα4β2 AChR was determined by radioligand competition binding experiments. First, the effect of each compound on [ (Table 1) . Comparing the K i values in different conformational states, we can indicate that in general the (S,S)-enantiomerbindswithslightlyhigheraffinity than the (R,R)-enantiomer. In addition, the (S,S)-enantiomer binds to the desensitised AChR (66 ± 8 μM) with slightlyhigheraffinitythanthattothe resting AChR (133 ±20μM),whereas the opposite result is observed for the (R,R)-enantiomer. The observed n H values are lower than unity (close to 0.5) (Table 1) , suggesting a negative cooperative interaction between imipramine and each compound.
The results from the [ (Table 1 ). In addition, the estimated IC 50 values for the (S,S)-enantiomer are slightly lower previously 20, 28 . AChR models with each docked compound were edited to provide coordinates for the membrane domain. These models were further inserted into periodic boxes and solvated with water molecules using the Yasara default algorithm as described previously 20 . Although fixingconstrainsforbackboneatoms were assigned, all side-chain atoms were left free to move during the simulations. In all further simulations, theAMBER99forcefieldwasusedfor both protein and ligand structures with a cut-off of 7.86 Å and particlemesh Ewald long-range function for electrostatic interactions. The initial complexes were pre-optimised with the steepest descent method followed by simulated annealing. Finally, 15 ns molecular dynamic simulations were performed using the following parameters: temperature = 298 K and Pressure control-water probe (0.99 g/ml) ensemble. Snapshots of the simulations were saved every 25 ps. Molecular dynamic simulations were performed using the same AMBER99 force field settings as previously published 20 . The root mean square deviation (RMSD) values were calculated using Equation (2), using the Yasara software, as previously shown 29 . These values represent the inter-molecular conformational changes and the translation of the whole molecule in the binding site. Poses obtained every 25-ps snapshot of the simulation were compared to its original position (obtained by docking). The conformations during the simulation were extracted every 25 ps from the simulation trajectory of 15 ns total time.
where N is the number of atoms from the ligand and ∂ 1 2 is the distance between the corresponding ligand atoms obtained at each step and the starting conformation. corresponds to the α4 and b2 sequence from the Protein knowledgebase (i.e., UniProtKB) implemented in the ExPASy Molecular Biology Server 26 . The cryo-electron microscopy structure of the Torpedo AChR determined at ~4Åresolution(PDB ID 2BG9) 27 was used as target for molecular modelling. Models of the hα4b2 AChR were subsequently constructed by homology modelling methods using the Torpedo AChR as a template, as previously described 10, 11 . For the molecular docking procedure, both (S,S)-and (R,R)-enantiomers, in the protonated and neutral forms, were first sketched using HyperChem 6.03 (HyperCube Inc., Gainesville, FL, USA), optimised using the semi-empirical method AM1 (Polak-Ribiere algorithm to a gradient lower than 0.1 kcal/Å/mol), and then transferred for the subsequent step of ligand docking. Molegro Virtual Docker (MVD, version 4.3.0, Molegro ApS Aarhus, Denmark) was used for dockingsimulationsofflexibleligandsinto the rigid target of the AChR models. The docking space was defined as a sphere of 50 Å in diameter, centred in the middle of the ion channel. The used docking space includes all transmembrane domains (TMDs) (i.e., M1-M4), the ion channel lumen and the extracellular (EXD)-TMD junction, permitting sampling simulations of the ligand at potentially different binding domains. The actual docking simulations were performed using the following settings: numbers of runs = 100; maximal number of iterations = 10,000; maximal number of poses = 10 (as previously described 10, 11 ). The lower energy conformations [i.e., representing the lowest value of the scoring function (MolDockScore)] were selected from each cluster of superposed poses.
Molecular dynamics
Molecular dynamics were performed on docked ligands using the Yasara 11.6.16 package (Yasara Biosciences, Graz, Austria) as described Licensee Since the docking results in the neutral and protonated state are the same, the results in the neutral state are not shown. The (S,S)-enantiomer is intercalated between the α4 and b2 subunits, interacting with residues exposed to luminal and nonluminalenvironments(Figure4B).In the luminal domain, the (S,S)-enantiomer interacts with the outer (position 20'), nonpolar (position 17') (i.e., b2-Leu257 and α4-Leu263)and valine (position 13') rings, whereas in the non-luminal domain, it interacts by van der Waals contacts with residues at position 14' (i.e., b2-Phe254),16'(i.e.,α4-Leu262)and21' (i.e., b2-Ile261). Molecular dynamics results indicate that this interaction is unstable for the protonated (R,R)-enantiomer (see molecular dynamics section for more details).
The observed non-luminal site for both enantiomers is located between the α4andb2TMDs (Figures4A,C) . In this intersubunit site, the (S,S)-enantiomer interacts by van der Waals forces with nonpolar residues at M1 (i.e., b2-Ile218 and b2-Pro219), M2 (i.e., α4-Leu262, position 16') and M3 (i.e., α4-Val289 and α4-Ile293), butitdoesnotinteractwithM4.Although α4-Leu262 is located at M2, it is oriented towards α4-M3,anonluminal environment. Although initial docking results indicate that the nitrogen moiety of each ligand, in the neutral state, may form a hydrogen bond with the carbonyl group from b2-Asn215 (at M1), molecular dynamic simulations determined that this bond is not stable (see molecular dynamics section for more details).
Molecular dynamics results
The molecular dynamic results for the (S,S)-enantiomer, in the neutral and protonated states, indicate that the molecule slightly departs from its dockingpositionandfluctuatesduring the 15-ns simulation within the mixed luminal/non-luminal binding domain ( Figure 5A ). In consequence, some interactions (i.e., hydrogen
Molecular docking results
The (S,S)-enantiomer in the protonated state interacts with luminal and non-luminal binding domains ( Figure 4A-C) , whereas the (R,R)-enantiomer only interacts with the (same) non-luminal site ( Table 2 ).
than that for the (R,R)-enantiomer. However, no distinction between the resting and desensitised state was observed. The observed n H values are close to unity (Table 1) , suggesting a non-cooperative interaction between imipramine and each compound. ]decan-2-amine in different conformational states.hα4β2AChRmembranes(1.5mg/ml)wereequilibrated(90min)with 21 nM [ 3 H]imipramineinthepresenceof0.1μMκ-BTx(restingstate)(�)or1 μM(±)-epibatidine (desensitised state) (•) and increasing concentrations of the (A) (S,S)-and (B) (R,R)-enantiomer, respectively. Each plot is the combination of two to three separated experiments, each one performed in triplicate. From these plots, the IC 50 and n H valueswereobtainedbynonlinearleast-squaresfit, and the K i values were calculated according to Equation 1 and summarised in Table 1. (0.25 ns) ( Figure 5A ). After 0.25 ns, the molecule actually re-orientates from its original position at the extracellular mouth, remaining stable between two α4-Glu266 residues, probably by long-range electrostatic interactions. On the other hand, the results for the protonated (R,R)-enantiomer suggest an unstable interaction with the mixed luminal/ non-luminal domain ( Figure 4B ). In this case, the ligand makes a strong re-orientation from its original position and does not remain in the same domain during the 15-ns simulation ( Figure 5B ).
The interaction of each compound, in the protonated state ( Figure 5 ) and neutral (data not shown) state, with the intersubunit site is stable during the 15-ns simulation. The molecular dynamics results for the protonated (S,S)-enantiomer indicate that the hydrogen bond interaction between the nitrogen moiety of the ligand and the carbonyl group from b2-Asn215 (at M1) is stable during the 15-ns simulation ( Figure 5A ). Similar results were obtained for the (R,R)-enantiomer until 12-ns simulation ( Figure 5B ). However, after this initial stability, the molecule slightly changes its orientation, increasing the distance between the nitrogen moiety and the carbonyl group, and thus, decreasing the possibility of hydrogen bond formation. The hydrogen bond interaction initially observed for each neutral ligand is unstable during the 15-ns simulation (data not shown). Although this interaction is unstable and the ligand slightly departs from its original docked position, it reaches a new stable orientation in the same domain.
Discussion
In this work, we determined the bindingaffinityandthemostimportant structural components for the interaction of novel N,6-dimethyltricyclo[5.2.1.0 2, 6 ]decan-2-amine enantiomerswiththehα4β2AChR.
amino group of the (S,S)-enantiomer and the carboxylic group from one α4-Glu266residue(position20')was stable for only a short period of time bonds, short-range electrostatic) are lost. For instance, the initial shortrange (<4.5Å)electrostaticinteraction between the positively charged Figure 4B ) in a similar fashion as that found for mecamylamine enantiomers at the hα4b2 AChR model 10 . In the present study, we observed long-range electrostatic interaction of the (S,S)-enantiomer with two acidic α4-Glu266 residues at the extracellular mouth of the ion channel ( Figure 4B ) that might be important for the process of molecular attraction to the ion channel. Based on high-resolution NMR results, this binding domain was also indicated for (S)-(+)-mecamylamine at the (α4) 2 (b2) 3 stoichiometry and for (R)-(-)-mecamylamine at the (α4) 3 (b2) 2 stoichiometry, and the electrostatic interaction was suggested for (S)-(+)-mecamylamine binding 35 . This electrostatic interaction is supported by the fact that We previously characterised the imipramine-and mecamylaminebinding sites in the hα4b2 AChR by pharmacologic and molecular docking methods 10 . In that work, we used adockingspacedefinedasasphere of 21 Å in diameter centred on the ion channel lumen that ensured covering the whole channel domain for sampling simulations. However, recent studies on AChRs and bacterial ion channels indicate that other portions of the TMD (i.e., M1-M4) might be involved in the interaction and function of several allosteric modulators 30, 31 . Based on this evidence and to give a better perspective of potential sites for modulators, including the novel (S,S)-and (R,R)-enantiomers, a larger diameter (50 Å) was used in the docking experiments. This extended docking space ensures that the system searches for docking sites throughout the total volume of the TMD, including the ion channel lumen, and the EXD-TMD junction. The molecular docking and dynamics results suggest that the (S,S)-enantiomer, in the protonated and neutral states, presents greater mobility ( Figure 5A ) within the mixed luminal/non-luminal ( Figure  4B ) compared to the intersubunit binding domains ( Figure 4C ). The (R,R)-enantiomer, in both states, only slightly changes its docked orientation within the intersubunit (Table 1) . These results are similar to that obtained for mecamylamine-induced inhibition of [ Table 1) . These results support the notion that the enantiomers interact with the imipramine sites mainly by allosteric mechanisms, whereas they interact with the [ ]decan-2-amine enantiomers interact with the human α4β2 nicotinic acetylcholine receptor at luminal and non-luminal domains. OA Biochemistry 2013 Jun 01;1(2):11.
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(-)-reboxetine at human adult muscle AChRs 33 . In particular, (-)-reboxetine and both novel antidepressants make contacts with residues from M2 (i.e., α1-Leu258 corresponding to α4-Leu 262) and M1 (i.e., ε-Asn226 corresponding to b2-Asn215) 33 . In addition, the intersubunit site is located close (but does not overlap) to the intrasubunit pocket found for general anaesthetics at the bacterial ion channel (i.e., between the TMD of just one subunit) 30 , for the positive allosteric modulator PNU-120596 at the α7 AChR 36 and for the antidepressant (-)-reboxetine at hα4b2 32 and muscle 33 AChRs. Many different rearrangements in the conformation of the AChR have been proposed as responsible for channel opening after agonist activation. One of them states that the rotation of the M2 segments around their helix axis is important for channel gating 37, 38 . Other studies argue that there is a relationship between the polarity of the side chains forming the pore and the polarity between the closed and open states 39, 40 . In th-is regard, we hypothesise that the interaction of the (S,S)-and (R,R)-enantiomers with the intersubunit locus may impede the rotation of the M2 segment, blocking or disrupting the switching of the hydrophobic residues located along the closed ion channel (especially between positions 9' and 17') to polar residues that are mostly exposed to the channel lumen in the open state, finally maintaining the receptor in a nonconducting conformation state, which is observed as a decreaseinionfluxactivity. Figure 6 illustrates a potential molecular passage mechanism for the (S,S)-enantiomer from the luminal and/or lipid membrane environment to the intersubunit (non-luminal) site. We hypothesise that after the initial electrostatic attraction at the ion channel's mouth, the deprotonated molecule can go deeper into the ion channel lumen, ultimately (Advanced Chemistry Development, Inc., Toronto, Canada)]. Regarding the intersubunit site for both enantiomers, it partially overlaps the α1/ε-intersubunit site described for both novel antidepressants are highly protonated (~100%) at physiological pH [based on pK a values of 11.5 for both enantiomers calculated by the ACD/ADME Suite software . The (S,S)-enantiomer interacts with residues from a luminal domain (magenta), including the outer (position 20'), nonpolar (position 17') (i.e., b2-Leu257 and α4-Leu263)andvaline(position13')rings,andbyvan der Waals contacts with residues from a non-luminal environment (cyan), includingthoseatposition14'(i.e.,b2-Phe254),16'(i.e.,α4-Leu262)and21' (i.e., b2-Ile261). (C) Detailed view of the non-luminal site (cyan) located at the interface of α4andb2 subunits (i.e., intersubunit site). In this site, the (S,S)-enantiomer interacts by van der Waals contacts with nonpolar residues at M1 (i.e., b2-Ile218 and b2-Pro219), M2 (i.e., α4-Leu262)andM3(i.e.,α4-Val289 and α4-Ile293). The black arrow indicates the hydrogen bond between the nitrogen moiety from the (S,S)-enantiomer and the oxygen atom of b2-Asn215 (at M1). (A,B) For clarity, one b2 subunit is hidden, thus the order of explicitly shown subunits is (from left): b2, α4,b2 and α4.(B,C)TheM2 helices forming the wall of the channel are coloured yellow and the α4and b2 subunits are shown in grey and blue, respectively. The residues (shown in stick mode) facing a luminal environment are coloured magenta, whereas the residues facing a non-luminal environment are coloured cyan. All non-polar hydrogen atoms are hidden. 
Conclusion
Recent studies demonstrated that the N,6-dimethyltricyclo[5.2.1.0 2, 6 ] decan-2-amine enantiomers produce antidepressant activity in mice in a gender-dependent manner. The results from the present work indicate reaching its intersubunit site located at the interface of the α4 and b2 TMDs ( Figure 6A ). Another alternative mechanism includes a molecular passage from the lipid membrane environment to the intersubunit site ( Figure 6B ). . The interaction at the intersubunit locus is stable during the 15-ns simulation. The observed hydrogen bond interaction between the nitrogen moiety of the ligand and the carbonyl group from b2-Asn215 (at M1) (see Fig. 4C ) is stable during 15-ns simulation.
(B) The protonated (R,R)-enantiomer makes a strong re-orientation from its original position, indicating that this interaction is unstable (solid line), whereas the interaction at the intersubunit locus is stable during the 15-ns simulation (dotted line). The observed hydrogen bond interaction between the nitrogen moiety of the ligand and the carbonyl group from b2-Asn215(atM1)(seeFigure4C)isstableduring12-nssimulation.Afterthat,themoleculeslightlychangesits position, increasing the distance between the nitrogen and carbonyl groups, decreasing, in turn, the possibility of hydrogen bond formation. ]decan-2-amine from the (A) luminal and/or (B) lipid membrane environment to the intersubunit (non-luminal) site (cyan). The α4-Glu266residue(magenta)attheouterring(position20')isshownfor betterperspective.TheM4segmentsareinintimatecontactwiththelipidmembraneenvironment.
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